The objectives of this study were to determine true phosphorus (P) digestibility, degradability of phytate-P complex and the endogenous P outputs associated with brown rice feeding in weanling pigs by using the simple linear regression analysis technique. Six barrows with an average initial body weight of 12.5 kg were fitted with a T-cannula and fed six diets according to a 6 £ 6 Latin-square design. Six maize starch-based diets, containing six levels of P at 0.80, 1.36, 1.93, 2.49, 3.04, and 3.61 g/kg per kg dry-matter (DM) intake (DMI), were formulated with brown rice. Each experimental period lasted 10 days. After a 7-day adaptation, all faecal samples were collected on days 8 and 9. Ileal digesta samples were collected for a total of 24 h on day 10. The apparent ileal and faecal P digestibility values of brown rice were affected ( P , 0.01) by the P contents in the assay diets. The apparent ileal and faecal P digestibility values increased from 248.0 to 36.7% and from 235.6 to 40.0%, respectively, as P content increased from 0.80 to 3.61 g/kg DMI. Linear relationships ( P , 0.05), expressed as g/kg DMI, between the apparent ileal and faecal digestible P and dietary levels of P, suggested that true P digestibility and the endogenous P outputs associated with brown rice feeding could be determined by using the simple regression analysis technique. There were no differences ( P . 0.05) in true P digestibility values (57.7^5.4 v. 58.2^5.9%), phytate P degradability (76.4^6.7 v. 79.0^4.4%) and the endogenous P outputs (0.812^0..096 v. 0.725^0.083 g/kg DMI) between the ileal and the faecal levels. The endogenous faecal P output represented 14 and 25% of the National Research Council (1998) recommended daily total and available P requirements in the weanling pig, respectively. About 58% of the total P in brown rice could be digested and absorbed by the weanling pig. Our results suggest that the large intestine of the weanling pigs does not play a significant role in the digestion of P in brown rice. Diet formulation on the basis of total or apparent P digestibility with brown rice may lead to P overfeeding and excessive P excretion in pigs.
Introduction
Rice is mainly used as human food around the world, especially in Asia, and only some rice by-products are traditionally used as a feedstuff for pigs (Farrell and Hutton, 1990; Yin et al., 1993b) . As a primary cultivated crop, early long-grain and non-glutinous rice, also referred to as early season rice or brown rice, has been planted in southern China since ancient times, where it is unsuitable to plant maize and other cereals due to a humid climate. Because of its poor palatability for humans and its low price, brown rice is increasingly used as an alternative cereal grain ingredient in commercial pig diets in southern China (Yin et al., 1993b; Li et al., 2004) and may be used worldwide in the future (Farrell and Hutton, 1990) . † E-mail: yyulong2003@yahoo.com.cn Animal (2007) , 1: Pages 213-220 Q The Animal Consortium 2007 doi: 10.1017/S1751731107257945 animal However, there is little information on phosphorus (P) bioavailability in brown rice for pigs. Bioavailability of P associated with rice bran has been reported to be relatively low with a large variability (12 to 25%), as measured by the apparent digestibility studies and the slope-ratio assay (Jongbloed and Kemme, 1990; Weremko et al., 1997; National Research Council (NRC), 1998) . Furthermore, recent studies have suggested that apparent digestibility studies and the slope-ratio assay are limited in assessing true bioavailability of P in feed ingredients for pigs (Fan et al., 2001) . True P digestibility in oil meals and cereal grains can be measured by the simple linear regression analysis technique (Fan et al., 2001; Shen et al., 2002) .
Therefore, the objectives of this study were to determine true P digestibility, phytate P degradability and the endogenous P outputs associated with brown-rice feeding at the distal ileal and the faecal levels in weanling pigs.
Material and methods
Principles of estimation Determination of the gastro-intestinal endogenous nutrient outputs by the regression analysis technique relies on establishing linear relationships between apparent digestible and total intake of assay nutrients in diets. The apparent digestible P contents in diets, expressed as g/kg dry-matter intake (DMI), are calculated from equation [1] according to previous studies :
where P Ai represents the apparent ileal or faecal digestible P content in the i th diet (g/kg DMI), and D A is the apparent ileal or faecal P absorption values in the i th diet (%). The outputs of P in ileal digesta and faeces consist of both dietary and the endogenous origins. If there are linear relationships between P outputs in ileal digesta or faeces and the graded levels of P inputs from diets, when expressed as g/kg DMI, their relationships can be expressed according to equation [2] (Shen et al., 2002) .
where P Ai represents the apparent ileal or faecal digestible P content in the ith diet (g/kg DMI) determined from equation [1] , P E is the endogenous P levels in the ileal digesta or faeces (g/kg DMI), D T is the true ileal or fecal P absorption values (%) in the P-containing assay ingredient, and P Di is the total P content in the i th diet (g/kg DMI). Equation [2] represents a simple linear regression model in which P Ai is the dependent variable and P Di is the independent variable. P E and D T are the regression coefficients and are estimated by fitting this simple linear regression model. If there are linear relationships between the apparent ileal and faecal digestible intake and the total intake of dietary P with significant intercepts, the endogenous P level in ileal digesta or faeces can then be directly determined by extrapolating the dietary inputs of P to zero by obtaining the intercepts of the linear regression equations (P E ).
Animals, diets and experimental design Six Duroc £ Large White £ Landrace barrows, with an average initial body weight of 12.5 (s.e. ¼ 0.6) kg, were obtained from the herd of Hunan Tangrenshen Group Co. Ltd and surgically fitted with a simple T-cannula (i.d. 5 cm) at the distal ileum, as previously described (Yin et al., 1991) . After surgery, the animals were individually housed in stainless-steel metabolism crates in a temperature-controlled room (22 to 258C) and cared for, as previously described (Yin et al., 1991 and 1993a) . During a 7-day recovery period, the barrows were fed a regular balanced weaner diet consisting of maize, brown rice, and soyabean meal referred to as the recovery diet (Yin et al., 1991) . The diet contained 14.5 MJ/kg digestible energy, total calcium (Ca) at 7 g/kg, total P at 6 g/kg and 195 g/kg crude protein (CP), and met the NRC (1998) requirements of all nutrients.
Six maize starch-based experimental diets were formulated to contain six levels of P (0.80, 1.36, 1.93, 2..49, 3.04, and 3.61 g/kg dry matter intake (DMI)) from brown rice. The brown rice contained (as-fed basis) ash 21 g/kg, CP 88 g/kg, fat 40 g/kg, acid-detergent fibre (ADF) 287 g/kg, neutraldetergent fibre (NDF) 274 g/kg, acid-detergent lignin (ADL) 59 g/kg, total starch 764 g/kg, and Ca 0.80 g/kg, which were similar to the values reported by Yin et al. (1993b) and Li et al. (2004) . The brown rice was ground through a 4.8-mm mesh screen prior to diet incorporation according to standard feed industry practice. Vegetable oil was included to increase the digestible energy content similar to the level recommended by NRC (1998) and to reduce the dustiness of the diets. Saccharose was included to improve the palatability of the diets. CaCO 3 was included to maintain an appropriate Ca to P ratio. Magnesium sulphate and potassium chloride were included to maintain electrolyte balance in the pigs. Vitamins and trace minerals were supplemented according to NRC (1998) . Chromium III oxide was included in the diets as a digestibility marker for the determination of the apparent nutrient digestibility values in the diets.
Following recovery, the barrows were fed one of the six experimental diets (Table 1) according to a 6 £ 6 Latinsquare design. The pigs were fed twice daily, with an equal amount each meal, at 0800 and 2000 h. The dietary allowances were 500, 600, 700, 800, 900, and 950 g/day during periods 1, 2, 3, 4, 5, and 6, respectively. Each experimental period comprised 10 days. After a 7day adaptation, all faecal samples were collected on days 8 and 9. Ileal digesta samples were collected for a total of 24 h on day 10. Ileal digesta were collected in soft plastic bags (length 16 cm; i.d. 10 cm) which were attached to the barrel of the cannula. The bag contained 10 ml of 10% sulphuric acid to inhibit microbial activity. The bag was removed and replaced as soon as it was partially filled with at least 50 g digesta or every 2 h. Digesta were Yang, Li, Yin, Li, Wang, Wu, Huang, Kong, Yang, Kang, Deng, Wang, Tan, Hu, Xing, Wu, He, Yao, Liu, Tang, Yin, Deng, Xie and Fan immediately frozen at 2208C following removal from the collection bags.
Chemical analyses
At the conclusion of the experiment, the digesta and faecal samples were freeze-dried, pooled within the same barrow and period for the same diet, ground through a 1-mm mesh screen, and mixed before analysis. The samples of the diets and brown rice were ground similarly. Analyses were performed in duplicate. Analyses for DM were carried out according to procedures of the Association of Official Analytical Chemists (AOAC, 1993) . Chromium III oxide was determined according to Saha and Gilbreath (1981) by using an atomic absorption spectrometer (SpectrAA-10/20, Varian, Mulgrave, Australia). Intrinsic phytase activity and phytate P content were analysed according to the method of Shen et al. (2005) .
Calculations and statistical analyses
The apparent ileal and faecal digestibility values of DM and P in the experimental diets were calculated according to equation [3]:
where D Ai is apparent ileal or faecal P digestibility values in the assay diets (%); I D is digestibility marker concentration in the ith assay diet (%); P I is P concentration in ileal digesta or faeces (%); P D is P concentration in the ith assay diet (%); and I I is digestibility marker concentration in ileal digesta or faeces (%). Based on the apparent ileal and faecal P digestibility values, the apparent digestible P values were calculated. The relationship between the apparent digestible P and dietary total P intake at the ileal or the faecal levels could then be examined. True P digestibility and the endogenous P outputs associated with brown rice were calculated according to equation [4] (Shen et al., 2002) :
where P Ai represents the apparent ileal or faecal digestible P content in the ith diet (g/kg DMI) determined from equation [3] ; P E is the endogenous P levels in the ileal digesta or faeces (g/kg DMI); D T is the true ileal or faecal P digestibility values (%) in the brown rice; and P Di is the total P content in the ith diet (g/kg DMI). Degradability of phytate-P complex at the ileal or the faecal levels were calculated following the same principle according to equation [4] . Data on the P digestibility values were first subjected to three-way ANOVA for a 6 £ 6 Latin-square design. The intervals between the treatment levels of P were designed to be equal by increasing an equal amount of brown rice (150 g/kg) in the diets at the expense of maize starch. The treatment effect was therefore partitioned and tested according to equally spaced orthogonal polynomial analyses (Steel and Torrie, 1980) . The ANOVA and the orthogonal polynomial analyses were carried out using the (SAS, 1988) . Related linear and curvilinear regression analyses were also conducted using SAS. The comparison of true P digestibility, phytate P degradability and the endogenous P outputs between the ileal and the faecal levels was conducted according to the pooled t test of SAS.
Results
All the piglets remained healthy throughout the experiment. Post-mortem examination, conducted at the conclusion of the experiment, revealed no adhesions or other intestinal abnormalities.
The brown rice used in the present study contained 116.9^6.1 FTU per kg DM of intrinsic phytase activity as well as 3.60 g/kg total P and 2.53 g/kg phytate P on as-fed basis. Thus, this test brown rice sample contained about 70% of its total P as phytate P.
Graded levels of dietary CP, Ca and P intake, as a result of graded levels of brown rice inclusion, apparently did not affect the normal digestive function of the weanling pigs, as was reflected by changes in apparent DM digestibility values (Table 2) . There was a linear decrease (P , 0.01) in the apparent ileal and faecal DM digestibility values from diets 1 to 6, which was a direct result of replacing maize starch with brown rice, indicating that brown rice has a lower apparent ileal and faecal DM digestibility values than maize starch. There were quadratic increases (P , 0.05) in the apparent ileal and faecal P digestibility values in brown rice when the dietary P content was increased from 0.8 to 3.6 g/kg DM diet (Table 2) . This increase was 84.7 and 75.6 percentage units for the apparent ileal and faecal P digestibility values, respectively (Table 2) . Meanwhile, there were no animal and period effects (P . 0.05) on the apparent DM and P digestibility values.
There were linear relationships (P , 0.05) between the apparent ileal and the faecal digestible P intake and the total intake of dietary P (Figure 1 ). Thus, true P digestibility and the endogenous P outputs associated with brown rice could be obtained by the simple linear regression analysis technique. There were no differences (P . 0.05) in true P digestibility values (57.7^5.4 v. 58.2^5.9%), and the endogenous P outputs (0.812^0.096 v. 0.725^0.083 g/ kg DMI) associated with the brown rice between the ileal and the faecal levels.
There were also linear relationships (P , 0.05) between the apparent ileal and the faecal degradable Phytate P intake and the dietary phytate P intake (Figure 2 ), suggesting that true phytate P degradability at the ileal and the faecal levels could also be estimated by the simple linear regression analysis technique. There were no differences (P . 0.05) in phytate P degradability (76.4^6.7 v. 79.0^4.4%) between the ileal and the faecal levels.
Based on true P digestibility values and the endogenous P outputs, dietary P inputs and total P flows in ileal digesta and faeces were further partitioned (Tables 3 and 4 ). The patterns of total P and phytate P flows were similar between ileal digesta and faeces. In general, there were linear increases (P , 0.05) in the total ileal P and faecal P outputs, expressed as g/kg DMI, as dietary P levels increased. Of note, ileal and faecal outputs of P of dietary origin showed linear patterns of increases with dietary P levels (P , 0.05) when the values were expressed as g/kg DMI (Tables 3 and 4 ). Endogenous P flows, expressed as g/ kg DMI, were similar (P . 0.05) between the ileal and the faecal measurements, and were not affected by dietary P levels (Tables 3 and 4 ).
The linear relationships between the apparent ileal and the faecal digestible intake or the total intake of dietary P indicate that the endogenous P levels, expressed as g/kg DMI, are constant and independent of dietary P levels (Figure 3 ). Thus, differences in the dietary levels of P had dramatic effects on the apparent ileal and faecal P digestibility values, but did not affect true P digestibility values (Figure 3) . These results show that the endogenous P contributions have a greater effect on apparent digestibility values at low levels of dietary P compared with at elevated levels. 
Discussion
The main goal of this study was to measure true P digestibility and the endogenous P associated with brown rice for weanling pigs. The simple linear regression analysis technique has been successfully employed to determine true P digestibility values and the endogenous P outputs associated with soya-bean meal feeding in pigs (Fan et al., 2001 , Ajakaiye et al., 2003 . This technique has also been found to be applicable for maize in growing pigs (Shen et al., 2002) . The P contents, ranging from 1.1 to 4.3 g/kg DMI and from 0.67 to 2.83 g/kg DMI, were used in the previous studies involving soya-bean meal in weanling pigs (Fan et al., 2001) and maize for growing pigs (Shen et al., 2002) , respectively, whereas dietary P contents varied from 0.80 to 3.61 g/kg DMI in the present study with brown rice (Table 2) . Collectively, our results indicate that P contents in the brown rice were about 30% lower than those in soya-bean meal (Fan et al., 2001) , but were approximately 20% higher than those in maize (Shen et al., 2002) . Despite differences in dietary P contents and gradients among brown rice in this study, soya-bean meal (Fan et al., 2001) and maize (Shen et al., 2002) there were linear relationships (P , 0.05) between the ileal and faecal outputs or inputs of dietary P, and between the apparent ileal and fecal digestible P intake or the total intake of dietary P (Figure 1) , when expressed as g/kg DMI in these ingredients. These results have proved that true P digestibility values and the endogenous P outputs associated with the feeding of brown rice for weanling pigs could be determined by the simple linear regression analysis technique.
An interesting finding from this study is that the endogenous P output (0.812^0.096 g/kg DMI) in the distal ileal digesta of weanling pigs was similar to that (0.725^0.083 g/kg DMI) in faeces. Of note, the distal ileal and faecal endogenous P outputs were 0.86^0.09 and 0.31^0.06 g/kg DMI, respectively, in weanling pigs associated with soya-bean meal feeding (Fan et al., 2001) . The distal ieal endogenous P outputs in weanling pigs were similar between brown rice and soya-bean meal feeding (0.59^0.18 g/kg DMI), but piglets fed the brown rice-based diet had a relatively high faecal endogenous output when compared with soya-bean meal feeding (0.31^0.06 g/kg DMI) (Ajakaiye et al., 2003) . For comparison, ileal and faecal endogenous P outputs were 0.693^0.128 and 0.670^0.160 g/kg DMI, respectively, in growing pigs fed the maize-based diet (Shen et al., 2002) . Intrinsic differences among feed ingredients and possibly differences among types of pigs used were likely responsible for these discrepancies.
Total and available P requirements were recommended to be 0.60 and 0.32%, respectively, on an as-fed basis, for pigs between 10 and 20 kg body weight (NRC, 1998) . In this study, the ileal endogenous P output associated with brown rice feeding represents about 15% of the animal's (10 to 20 kg) daily requirement for total P and 28% of the animal's daily requirement for available P, respectively. Figure 2 Linear relationships between the ileal (O) and faecal (V) degradable phytate phosphorus (P) (y: g/kg dry matter (DM) intake, mean^s.e., n ¼ 6, for each data point) and the dietary phytate P inputs (x: g/kg DM intake) in weanling pigs fed brown rice-based diets varying from low to high in total P and phytate-P contents. (a) In ileal digesta: y ¼ 0.7176x, n ¼ 36, r 2 ¼ 0.75, P , 0.05. (b) In faeces: y ¼ 0.7789x, n ¼ 36, r 2 ¼ 0.88, P , 0.05. P digestibility in pigs on brown rice Faecal endogenous P output represents about 14% of the animal's daily requirement for total P and 25% of the animal's (10 to 20 kg) daily requirement for available P, respectively. Therefore, faecal endogenous P output contributes to a significant portion of the daily P requirement and to an inevitable source of metabolic P loss.
The true ileal and faecal P digestibility values were similar in brown rice for weanling pigs (57.8^5.4 v. Yang, Li, Yin, Li, Wang, Wu, Huang, Kong, Yang, Kang, Deng, Wang, Tan, Hu, Xing, Wu, He, Yao, Liu, Tang, Yin, Deng, Xie and Fan 58.4^5.9%) . This finding again supports the view that the large intestine does not play a significant role in the absorption of exogenous P (Jongbloed et al., 1992; Liu et al., 2000; Fan et al., 2001; Shen et al., 2002; Ajakaiye et al., 2003) . True P digestibility values determined in this study (58%) suggest that an average of 58% of total P in brown rice could be digested and absorbed by weanling pigs. Phytate P represented about 70% of the total P in the brown rice sample used in this study. In addition, the significant phytate P degradability (76%) at the distal ileal level due to the combined actions of intrinsic phytase and microbes was likely responsible for the relatively high true faecal P digestibility associated with the brown rice. There are few reports in the literature of true P digestibility or phytate P degradability in brown rice for comparison.
In conclusion, the simple linear regression analysis technique is valid for the determination of true P digestibility and the gastro-intestinal endogenous P outputs associated with brown rice in weanling pigs. The large intestine does not play a significant role in the digestive utilisation of both the exogenous and the endogenous P in weanling pigs when brown rice is the source of dietary P. True rather than apparent faecal P digestibility in brown rice should be determined and used in diet formulation for pigs. Faecal endogenous P output contributes to a significant portion of the daily P requirement and an inevitable source of metabolic P loss in weanling pigs. P digestibility in pigs on brown rice Yin YL, Huang RL and Zhong HY 1993a . Comparison of the ileorectal anastomosis and conventional method for the measurement of ileal digestibility of protein sources and mixed diets in growing pigs. Animal Feed Science and Technology 42, 297-308.
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